Abstract: Micro/nanofibers prepared by direct-writing using an electrospinning (ES) technique have drawn more attention recently owing to their intriguing physical properties and great potential as building blocks for micro/nanoscale devices. In this work, a wavy direct-writing (WDW) process was developed to directly write serpentine micro/nano structures suitable for the fabrication of micro devices. This fabrication ability will realize the application of electrospun-nanofiber-based wiring of structural and functional components in microelectronics, MEMS, sensor, and micro optoelectronics devices, and, especially, paves the way for the application of electrospinning in printing serpentine interconnector of large-area organic stretchable electronics.
Introduction
Serpentine structures are common in our daily life and are found in many diverse systems, including antennas, heating pipes, tube type radiators, and lights. Due to their excellent mechanical and electrical properties and performance, serpentine structures show enormous potential for applications in many areas, such as epidermal electronics [1] , curvilinear digital cameras [2] , stretchable batteries [3] , and light-emitting devices [4] . Of special note, it has been reported that stretchable batteries with self-similar was made of chromium-plated glass. The PEO solution was delivered with a syringe pump (Lange, Inc., Baoding, China).
The schematic diagram of the wavy direct-writing (WDW) apparatus is shown in Figure 1 . A stainless steel nozzle (inner diameter 260 µm and external diameter 520 µm) was adopted as an electrode, and the ground collector was a Cr-coated glass plate fixed to a moving stage (Suruga, Shizuoka, Japan). A high voltage, generated by a direct current (DC) power supply (DW-P403, Dongwen Inc., Tianjin, China), was applied between the nozzle and the collector to generate a Taylor cone to assist in pulling out the jet from the nozzle. Two parallel auxiliary electrodes made of copper foil were placed beside the collector and connected to an alternating current (AC) power supply, which can adjust the driving force acting on the fiber during the dropping process. The nozzle-to-collector distance was adjusted to vary from 0-50 mm, and the moving speed of the substrate was adjusted from 0-400 mm min´1. The microstructure was characterized by an image measurement instrument (Rational VMS-3020H, Dongguan, China).
Polyethylene oxide (PEO) with an average molecular weight of 2,000,000 (Aladdin, Shanghai, China) was chosen for the preparation of the solutions. PEO fibers were electrospun using 3%-8% (w/w) concentrations of PEO in deionized water with 4 h stirring at 20 °C. The ground collector was made of chromium-plated glass. The PEO solution was delivered with a syringe pump (Lange, Inc., Baoding, China).
The schematic diagram of the wavy direct-writing (WDW) apparatus is shown in Figure 1 . A stainless steel nozzle (inner diameter 260 μm and external diameter 520 μm) was adopted as an electrode, and the ground collector was a Cr-coated glass plate fixed to a moving stage (Suruga, Shizuoka, Japan). A high voltage, generated by a direct current (DC) power supply (DW-P403, Dongwen Inc., Tianjin, China), was applied between the nozzle and the collector to generate a Taylor cone to assist in pulling out the jet from the nozzle. Two parallel auxiliary electrodes made of copper foil were placed beside the collector and connected to an alternating current (AC) power supply, which can adjust the driving force acting on the fiber during the dropping process. The nozzle-to-collector distance was adjusted to vary from 0-50 mm, and the moving speed of the substrate was adjusted from 0-400 mm min 
Results and Discussion
Low voltages were applied to the auxiliary electrodes; the AC voltage was set to below 300 V and the DC voltage was lower than 1.5 kV. The low voltage AC-DC coupling electric field constrains the bending of the jet, making it controllable. Therefore, WDW is able to directly write high-resolution 
Low voltages were applied to the auxiliary electrodes; the AC voltage was set to below 300 V and the DC voltage was lower than 1.5 kV. The low voltage AC-DC coupling electric field constrains the bending of the jet, making it controllable. Therefore, WDW is able to directly write high-resolution serpentine patterns (Figure 2 ). In the WDW process, the frequency of serpentine patterns is approximately equal to the frequency of AC electric field and the amplitude of the patterns depends linearly on the applied AC voltage value (Figure 3 ). The pattern wavelength can be controlled precisely by changing the speed of the collector and frequency of the AC voltage, as shown in Figure 2b ,d and Table 1. serpentine patterns (Figure 2 ). In the WDW process, the frequency of serpentine patterns is approximately equal to the frequency of AC electric field and the amplitude of the patterns depends linearly on the applied AC voltage value ( Figure 3 ). The pattern wavelength can be controlled precisely by changing the speed of the collector and frequency of the AC voltage, as shown in Figure 2b ,d and serpentine patterns (Figure 2 ). In the WDW process, the frequency of serpentine patterns is approximately equal to the frequency of AC electric field and the amplitude of the patterns depends linearly on the applied AC voltage value (Figure 3) . The pattern wavelength can be controlled precisely by changing the speed of the collector and frequency of the AC voltage, as shown in This method differs from traditional ES in that the jetted liquid fiber is pulled by a combination of the DC and AC electrical field forces, and the low voltage AC-DC coupling electric field constrains the bending of the jet to make it controllable. WDW permits direct writing of small size complex serpentine patterns, because the formerly unstable jet can be precisely oriented and positioned. Additionally, unlike conventional drop-on-demand type jet printing technique [10] , WDW can print the serpentine patterns in continuous jet mode. Therefore, it is believed that WDW can achieve low cost, high precision fabrication of flexible/stretchable electronics [18, 32] . Moreover, we observed that the serpentine structures deposited with different parameters show different structural colors under irradiation of light. The structural colors may be attributed to the effect of scattered light or thin-film interference [33, 34] .
In order to explain the steady low voltage WDW process, it is necessary to briefly examine the dynamics of WDW. There is no horizontal component of the DC electric field because the space electric field distribution results from the superposition of vertical DC and horizontal AC electric fields. When the nozzle is close to the auxiliary electrodes, the AC electric field force is dominant and the swing of the charged jet can be strongly controlled. Although the change in electric field lags behind the change in applied AC voltage, the frequency and trend are the same. The wavelength of the electromagnetic wave, λ E , is calculated with:
where C is the speed of light and f E is the frequency of the AC electric field. At very low frequencies AC electric field, λ E is much smaller than the horizontal distance between nozzle and auxiliary electrodes D n-e . Under these conditions, the electric field can be considered as a quasi-stationary electromagnetic field. Under low AC voltage and small angle conditions, for any given AC-electric field force and elasticity of the jet, the viscous damping result from the relative motions between the charged jet and substrate are the dominant factors in the horizontal direction. The movement of the charged jet in the horizontal direction is nearly parallel with the AC-electric field, and it can be described using the (sinusoidal) driven damped harmonic oscillator model:
with m being the effective mass of the charged jet, x is the displacement of jet in horizontal direction parallel with the AC-electric field, c is the damping coefficient, k is the spring constant, and F 0 is the driving force resulting from the AC electric field. F 0 is calculated as follows:
where q is the value of the electrostatic charge of the jet and E 0 is the peak value of AC electric field. The steady state solution can be written as:
The result states that the charged jet will oscillate at the same frequency, f E , as the applied AC electric field force, but with a phase shift. The phase shift, φ, is defined by the following formula:
The amplitude of the vibration, X, is defined by the following formula:
The result shows that X is proportional to the value of E 0 . Because E 0 depends linearly on the applied AC voltage value U ac , X is proportional to U ac :
When the collector moves slowly, the mechanical drawing force is so small that it has little impact on the bending of the jet and can be considered to be an equilibrium state of external force in the direction parallel with the speed of the collector. Therefore, under this condition, the "wave velocity" of serpentine patterns is equal to collector's speed and the pattern wavelength, λ, can be calculated as follows:
Using the formulas above, the predicted results are in good agreement with the experimental ones (as shown in Figure 3 and Table 1 ) and support our model. Therefore, these formulas are effective for describing the stable wavy direct-writing process under low AC voltage and small angle conditions to some extent. Moreover, it means that we can control the frequency, amplitude and wavelength of serpentine patterns accurately by changing the frequency and amplitude of the AC voltage, and the velocity of substrate.
Moreover, in some specific experiments we observed that the serpentine structures turned into a small wavelength "Ω"-like pattern at low collector speeds (Figure 4) . The detailed mechanism of this is not clear to us, and only some tentative explanations could be given. The liquid jet carries a positive charge from the spinneret as it is ejected from the apex of the Taylor cone. When charged nanofibers are deposited on the collector, the carried charge would be transferred to the ground. The charge density of the deposited nanofibers would then decrease with deposition time, so the residual charge density distribution of deposited nanofibers was uneven. Under low substrate speed conditions, the fibers are too dense to neglect the effects of the Coulomb forces between them. The repulsive forces from the residual charges cause the jets to deposit as far from each other as possible. Thus, the serpentine pattern assumed a "Ω" pattern.
The charge density of the deposited nanofibers would then decrease with deposition time, so the residual charge density distribution of deposited nanofibers was uneven. Under low substrate speed conditions, the fibers are too dense to neglect the effects of the Coulomb forces between them. The repulsive forces from the residual charges cause the jets to deposit as far from each other as possible. Thus, the serpentine pattern assumed a "Ω" pattern. In the previous section, only an AC electric field perpendicular to the velocity of collector was applied to the charged jet. However when using an AC electric field not perpendicular to the velocity of collector, the serpentine pattern will turn to be lopsided or saw tooth serpentine pattern, as shown in Figure 5 . Figure 4 . The serpentine structures turned into a small wavelength "Ω"-like pattern at low collector speed.
Conclusions
In the previous section, only an AC electric field perpendicular to the velocity of collector was applied to the charged jet. However when using an AC electric field not perpendicular to the velocity of collector, the serpentine pattern will turn to be lopsided or saw tooth serpentine pattern, as shown in Figure 5 .
The charge density of the deposited nanofibers would then decrease with deposition time, so the residual charge density distribution of deposited nanofibers was uneven. Under low substrate speed conditions, the fibers are too dense to neglect the effects of the Coulomb forces between them. The repulsive forces from the residual charges cause the jets to deposit as far from each other as possible. Thus, the serpentine pattern assumed a "Ω" pattern. In the previous section, only an AC electric field perpendicular to the velocity of collector was applied to the charged jet. However when using an AC electric field not perpendicular to the velocity of collector, the serpentine pattern will turn to be lopsided or saw tooth serpentine pattern, as shown in Figure 5 . Figure 5 . The typical lopsided patterns direct-write with the help of an AC electric field not perpendicular to the velocity of collector. DC voltage 1.3 kV, AC voltage 300 V, 50 Hz, nozzle-to-substrate distance 5 mm, 8% PEO.

The low-voltage AC-DC coupling electric field allows for a better control of pattern nanofibers. Small-scale serpentine patterns were made long and uniform. The size and shape can be adjusted by changing the speed of the collector and the frequency and amplitude of the AC voltage applied. Furthermore, because an arbitrary function can be decomposed into a Fourier series, which is a sum of sine and cosine waves, the low voltage WDW has the potential to direct-write any complex wave pattern. This fabrication ability will permit the use of electrospun-nanofibers-based wiring of structural and functional components in microelectronics, MEMS, sensor, and micro optoelectronics devices.
